The red fox (Vulpes vulpes) occurs on multiple continents in diverse habitats, making it an informative system for evolutionary genomic research. However, its phylogeography remains unclear. Previously, mitochondrial DNA and small numbers of nuclear loci provided discordant views. Both markers indicated deep divergence (~ 0.5 million years [MY]) between Eurasian and southern North American populations but differed in the apparent continental affinity of Alaskan red foxes, implying some degree of gene exchange during secondary contact (~0.1 MY). We assayed >173 000 nuclear genomic sites in 52 red foxes, along with 2 Rueppell's foxes (Vulpes rueppellii) and a gray wolf (Canis lupus) using the Illumina CanineHD BeadChip. We obtained 5107 single nucleotide polymorphisms (SNPs) in the foxes. Consistent with the Afro-Eurasian origins of red foxes, genetic diversity was higher in Eurasian than North American samples. Phylogenetic trees indicated that Alaskan and southern North American red foxes formed a monophyletic group nested within the Eurasian clade. However, admixture models suggested Alaskan red foxes contained up to 40% Eurasian ancestry. We hypothesize that North American red foxes either hybridized with Eurasian foxes in Beringia at the start of the last glaciation or merged with a Beringian population after the last glaciation. Future work is needed to test between these scenarios and assess speciation.
The red fox (Vulpes vulpes) represents a potentially informative study system for understanding past, current, and future evolution. In contrast to the vast majority of extant terrestrial species, which occupy small geographic ranges, the red fox occupies the largest natural range of any terrestrial wild mammal and occurs in habitats ranging from deserts to arctic tundra (Larivière and PasitschniakArts 1996; Schipper et al. 2008) . Although its particular range has changed through time, the breadth of its range has withstood major climatic fluctuations of the Pleistocene era (Statham et al. 2014) . Consequently, red foxes have been subjected to a variety of selective regimes and vicariant events (Aubry et al. 2009 ). Human manipulations of red foxes over the past 2 centuries also provide opportunities to test evolutionary hypotheses. The North American red fox was used in captive breeding for fur, and farmed foxes were translocated and released back to the North American wild . Nonnative red fox populations stemming from released farm foxes currently exist in a variety of relationships with native populations in North America Merson et al. 2017) . Despite the widespread occurrence of native wild red foxes throughout Eurasia, farmed North American red foxes also compose the stock used in fur-farming across Eurasia, including the experimental populations used by Dmitri Belayev and his predecessors to study the heredity and genomics of behavioral traits (Belyaev 1979; Trut et al. 2009; Statham et al. 2011) . Conversely, red foxes were brought from United Kingdom to the eastern United States during the colonial era, where they encountered native (and later fur-farmed) red foxes (Long 2003; Kasprowicz et al. 2016) . Red foxes also were translocated from United Kingdom to Australia multiple times before they eventually took hold and spread rapidly throughout the continent (Long 2003) . Thus, the variety of natural and experimental perturbations to this taxon provide numerous opportunities to study evolutionary genomics.
However, a clear understanding of phylogeography is essential to the study of the red fox's evolution. Although previous studies have elucidated some general patterns, conflicting models remain plausible. Previous evidence from the fossil record, morphometric data, and both mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) indicate that red foxes in North America arose initially from Eurasian colonization prior to the penultimate glaciation, on the order of 500 000 years before present (BP; Aubry et al. 2009; Statham et al. 2014 ). Secondary contact during or slightly before the last glaciation (~100 000 BP) resulted in a degree of continental exchange affecting contemporary Alaskan red foxes, although discordance between mtDNA and nDNA also revealed uncertainty regarding the extent and nature of continental exchange.
In particular, mtDNA showed red foxes from Alaska and western Canada (hereafter, Alaska) to represent the sole American subclade (HIII) of the broader Holarctic clade that extended throughout Eurasia, but which was differentiated from the Eurasian portion by approximately 100 000 years (50 000 generations), corresponding to an origin shortly before or during the last glaciation (i.e., during secondary contact; Statham et al. 2014) . mtDNA also exhibited a more ancient split within North America between the Holarctic clade of Alaskan foxes and a strictly North American (Nearctic) clade carried by red foxes in the remainder of the continent (hereafter "southern North America"). In contrast, a limited number of autosomal DNA loci (n = 11, ~3000 bp) indicated deep divergence between Eurasian and all North American red foxes, with very low levels of migration evident after the initial splitting of continental forms of red fox and less distinct differentiation of Alaskan and southern North American foxes (Statham et al. 2014) .
These seemingly contradictory findings can be reconciled by one of 2 scenarios: 1) during a late-Pleistocene contact event, Eurasian mtDNA selectively introgressed into the genomic background of distantly related North American red foxes, thereby presenting a distorted picture of the genome-wide composition of northwestern North American red fox ancestry, or 2) the small number of nuclear loci examined by Statham et al. (2014) failed to adequately represent the nuclear genome, which potentially contained a higher proportion of sites originating from late Pleistocene Eurasian contact. Thus, the primary question motivating the present study was to better understand the extent of admixture during secondary contact.
Additional phylogeographic insights evident from mtDNA on either side of the Pacific Ocean also bear closer inspection using nDNA (Aubry et al. 2009; Statham et al. 2014) . The most basal mtDNA lineages were concentrated in the Middle East (including North Africa) likely supporting an ancient origin in the region (Statham et al. 2014; Leite et al. 2015) . These basal red fox matrilines also were paraphyletic with respect to the presumptive sister species, the Rueppell's fox (Vulpes rueppellii; Leite et al. 2015) . Nuclear microsatellite analysis confirmed contemporary reproductive isolation between red and Rueppell's foxes of North Africa relative to red fox populations on either side of the Mediterranean Sea, suggesting the possibility that mtDNA reflected an ancient hybridization event (Leite et al. 2015) . Otherwise, the degree of phylogeographic structuring of red foxes on the Eurasian continent was weak relative to that in North America (Statham et al. 2014) . In particular, the greatest structure was found in southern latitudes, with much of northern Eurasia reflecting a more recent expansion (Teacher et al. 2011; Edwards et al. 2012; Statham et al. 2014; Noren et al. 2017) .
In the present study, we sought to investigate thousands of sites in the nuclear genome of red foxes to assess the genomic extent of divergence between continental forms and to revisit hypotheses about gene flow associated with secondary contact and genetic exchange during the last glacial period (Aubry et al. 2009; Statham et al. 2014) . Secondary objectives were to re-examine previously observed relationships between parapatric native and nonnative populations in California that were previously described on the basis of a small number of microsatellites and single nucleotide polymorphism (SNP) markers , and to examine genetic structure of red foxes within continents (Teacher et al. 2011; Edwards et al. 2012; Statham et al. 2014) .
Genomic methods applicable to moderately to large sized samples of individuals include genotyping by sequencing ("GBS"; Elshire et al. 2011; Johnson et al. 2015) , restriction-site associated DNA sequencing (RADseq; Baird et al. 2008) , and commercial SNP chips (Pertoldi et al. 2010; Haynes and Latch 2012; Hoffman et al. 2013 ). The former 2 methods are ideal in that they do not entail ascertainment biases and potentially result in a larger number of polymorphic markers. However, SNP chips require less laboratory optimization to obtain even coverage across sites and samples, and require relatively little bioinformatics processing, making these a convenient tool to rapidly generate informative data sets. Although SNP chips necessarily entail ascertainment biases, the significance of these biases depends on phylogenetic divergence separating the target species and the discovery species. Ascertainment biases are most problematic when used in the species (or very close relatives) for which they were designed (or among species), due to systematic distortion of allele frequency spectra (Albrechtsen et al. 2010 ), or in highly distant taxa, such as seals and dogs, in which case only the most highly conserved regions are likely to provide genotypes (Hoffman et al. 2013) . Other ways that ascertainment conditions affect marker diversity include enrichment for sites that are generally less well-conserved (i.e., across taxa), which can be an advantage, and systematic reduction in diversity with increasing phylogenetic divergence from the discovery species, which can be a disadvantage. However, neither of these ascertainment issues introduces biases to analyses aimed at relative comparisons within study taxa that share a common ancestor postdating divergence from the discovery species (e.g., Vulpes spp. relative to Canis spp). Previous comparative sequencing of dogs and red foxes suggest that their phylogenetic divergence (~8 million years ago [MYA] ) is sufficient that site-specific allele frequencies are largely independent (Sacks and Louie 2008) . Thus, for ease and efficiency in genotyping, we employed a commercially available SNP chip designed for the domestic dog, which assayed for >173k sites.
Materials and Methods

Samples
We conducted genome-wide SNP typing with 52 red foxes sampled from throughout North America and Eurasia, 2 Rueppells' foxes from the Arabian Peninsula, and a gray wolf (Canis lupus) from the Yukon, Canada (Figure 1 ; Supplementary (V. v. patwin) and the nonnative California red fox, we included 8 and 6 of these, respectively, as well as a previously identified hybrid between them . To verify that nonnative red foxes in California derived from fur farms, which in turn shared most of their ancestry with eastern North American red foxes , we also included a fur-farm red fox, and wild individuals from Michigan and North Carolina. The Rueppell's foxes provided outgroups for tree-rooting, although their relationship to red foxes was sufficiently close as to leave some ambiguity in the phylogenetic positioning (Leite et al. 2015) . The gray wolf, therefore, served as a more distant outgroup, although we note that the branch length was meaningless due to ascertainment of the SNPs as polymorphic sites in a dog (i.e., a genetic subtype of wolf).
Laboratory Procedures
The genomic DNA for this study was extracted, in most cases using DNEasy Blood and Tissue kits (Qiagen, Valencia, CA) according to manufacturer's instructions or, for museum samples, using phenol-chloroform extractions in a dedicated clean room; specific procedures were described in several publications depending on the initial study for which the DNA was used (see Supplementary  Table S1 for references).
We conducted genome-wide SNP typing on the CanineHD BeadChip (Illumina, inc., San Diego, CA) using 350 ng of genomic DNA for most samples at the UC Davis Genome Center or GeneSeek (Neogen, Lincoln, NE; Supplementary Table S1 ). These DNA samples were extracted from muscle or skin from modern samples. For 15 DNA extracts with insufficient DNA quantity or which had especially high archival value, we used whole genome amplification (WGA) product rather than genomic DNA as the sample (Barker et al. 2004 ). These WGA products were made from DNA extracted from tissue (n = 9), buccal swab (n = 1), a chewed bait bag (n = 1; Statham et al. 2012) , or dried museum skins from the Harrison Institute in Kent, United Kingdom (n = 4; Supplementary Table S1 ). We conducted WGA for these 15 samples according to manufacturer's instructions using the GenomePlex Whole Genome Amplification Kit (Sigma-Aldrich, St. Louis, MO).
Data Filtering and Description
Based on individuals with >80% call rates (i.e., <20% missing data) at the full array of sites, we retained sites with >90% of individuals called that were polymorphic (≥2 of each allele) and that did not exhibit significant heterozygote excesses based on mid P-value (Graffelman and Moreno 2013) . Whereas deviations from HardyWeinberg equilibrium (HWE) corresponding to heterozygote excesses were presumed to reflect paralogous loci in the Vulpes spp. (and, hence, were removed from the dataset), those corresponding to heterozygote deficits were likely to be the most informative with respect to population structure and were therefore retained in the dataset.
From this filtered dataset, we quantified allele frequencies and heterozygosity, and visualized the genetic distances among samples along 2 axes using multidimensional scaling (MDS) analysis. We explored MDS plots for several geographic partitions of the data in which we retained only loci that remained polymorphic (≥1 instance of each allele). All of the above analyses were conducted in Plink 1.9 (15 August 2017 development version, Purcell et al. 2007; Chang et al. 2015) .
Phylogenetic Reconstruction
In contrast to mtDNA trees, which are based on a single genealogy, trees constructed from genome-wide markers reflect averages over many genealogies, which can differ as a result of past admixture events (e.g., Reich et al. 2009 ). Nevertheless, phylogenetic trees provide a representation of the dominant tree, and a useful null model (i.e., assuming no admixture) against which subsequent models involving multiple trees (i.e., reflecting past admixture) can be evaluated (Patterson et al. 2012; Pickrell and Pritchard 2012) . We generated both individual-based and population-based trees, which provide complementary information. Whereas individual trees expose the phylogenetic positioning of each sample relative to its precise sampling location, pooling multiple samples across geographic regions presumed to reflect a common population provides potentially more robust statistical inferences about corresponding populations. For the individual-based tree, we computed pairwise distances among mixed sequences (SNPs in sequence, with heterozygotes indicated by IUPAC ambiguity codes) and used these distances to build a maximum likelihood tree using the "ape" package (version 4.1; Paradis et al. 2004 ). We read fasta data into R (version 3.2.4) as a phydat object using the "phangorn" package (version 2.2.0; Schliep 2011) and tested the tree for the best-fitting nucleotide substitution model using the modelTest function in phangorn, which was determined to be the general time reversible model with gamma-distributed rate variation among sites and invariant sites (GTR+ Γ +I). We then re-fit the tree using this substitution model and performed 500 bootstrap replicates to assess node support. We rooted the tree using a gray wolf as an outgroup.
For the population-based reconstruction, we used the TreeMix (version 1.13; Pickrell and Pritchard 2012) software package to generate a maximum likelihood tree among groups. Although the objective was to produce a phylogenetic tree assuming no admixture among major lineages, we nevertheless specified one migration event (using the -cor_mig option) within the Nearctic lineage to compensate to some extent for the confounding effect of known contemporary gene flow (16%) from a nonnative population into the Sacramento Valley red fox population in California ). We performed 100 bootstrap replicates over windows of 5 SNPs each and setting the random seed ranging 1-100.
Admixture
The trees reflected average genomic phylogenies but could not reveal genetic exchange associated with secondary contact during the last Pleistocene glaciation. We attempted to use TreeMix to infer migration events but the number of SNPs was apparently insufficient to produce consistent results. Specifically, although topology was consistent across replicate runs, placement of migration edges was highly inconsistent and often in nonsensical places. Therefore, we used program Structure (version 2.3.4) to obtain an estimate of the subdivisions in the dataset, followed by hypothesis tests based on prior tree specification. The Structure analyses assumed 1-4 genetic clusters (K = 1-4) and correlated allele frequencies (Pritchard et al. 2000; Falush et al. 2003) . In preliminary analyses, we determined that the linkage model produced results that were essentially identical to those based on the more computationally efficient admixture model; therefore, we used the admixture model for all subsequent analyses. We initially ran analyses in triplicate with 20 000 MCMC cycles, discarding the first 5000 cycles as burn-in, to confirm consistent results and then ran the final analyses (those presented below) at 110 000 cycles (with the first 10 000 discarded as burn-in). We observed no qualitative differences in runs at the same K (including replicates at 20 000 cycles and final analyses at 110 000 cycles). We assessed the fit of models corresponding to different numbers of clusters (K = 1-4) based partly on the log probability of the data (Pritchard et al. 2000) and the delta K index (Evanno et al. 2005) calculated in Structure Harvester (Web v0.6.94; Earl and vonHoldt 2012) .
To test specific hypotheses regarding the ancestral composition of Alaskan red foxes with respect to the initial colonization and secondary continental exchange, and post-Pleistocene intracontinental secondary contact, we merged all populations into the major hypothesized lineages-Eurasian, Alaskan, and southern North American-and employed 3 tests. We used allele-frequency correlation-based tests using the f3 and f4 statistics, implemented in programs Threepop and Fourpop (Reich et al. 2009; Pickrell and Pritchard 2012) . Using only loci with no missing data for any of the retained individuals, we then performed an ABBA/BABA test of admixture. We computed D-statistics based on the frequencies of derived alleles (Durand et al. 2011 , eq 2), which we inferred as those absent or in minor frequency in the outgroup (Rueppell's fox), computed standard errors based on the block ("delete-m") jackknife estimator, using 50-SNP blocks (Busing et al. 1999) , and assessed significant differences from D = 0 based on comparison of z scores to a normal distribution.
Lastly, we used a model-fitting approach similar to Patterson's et al. (2012) admixture graphs to estimate the relative contributions of Eurasian and North American ancestry to contemporary Alaskan red foxes most consistent with our data set. We constructed 2 tree models both constrained by the following phylogenetic assumptions: divergence between red fox and Rueppell's fox = 1 million BP (Lindblad-Toh et al. 2005; Perini et al. 2010; Leite et al. 2015) and divergence between Eurasian and North American red foxes = 500 000 BP (Statham et al. 2014 ). Both models are diagrammed in the Results. In model 1, we specified divergence between Alaskan and southern North American red foxes 100 000 BP, whereas in model 2, we specified no divergence between Alaskan and southern North American red foxes (i.e., a component of Alaskan red foxes arose from a post-Pleistocene range expansion from eastern Canada). Both models allowed for secondary contact 100 000 BP and gene flow from Eurasia into ancestral Alaskan red foxes, with the Eurasian component and North American components signified by the variables, α and 1-α, respectively (0 ≤ α ≤ 1). We tuned the models to the optimal value of α by maximizing the correlation (r 2 ) between allele frequency covariance (computed in TreeMix) and model path-length among the 3 populations and the outgroup (Rueppell's fox). The model path lengths were equivalent to twice the time to most recent common ancestor and expressed in units of 100 000 years divergence. Path lengths were fixed for Rueppell's versus all 3 red fox populations (20) 
Results
We attempted to genotype the 54 foxes, including 52 red and 2 Rueppell's foxes, and the gray wolf at 173 662 SNPs on the Illumina CanineHD chip. The average call rate among fox samples was 86.6% (range = 62.6-90.4%; wolf call rate = 98.1%; Supplementary Table S2 ) and 84.4% of the loci were called in >80% of fox samples. These included 50 samples with call rates above 80% threshold for inclusion in downstream analyses. Based on the 50 passing fox samples (49 red, 1 Rueppell's), 8671 sites (5%) had no calls and 143 193 (82.5%) sites had calls in >90% of samples, of which 8342 sites were polymorphic (i.e., SNPs). From these SNPs, we excluded 164 loci with significant heterozygote excesses that were likely to be paralogs (mid P < 0.05), leaving 8178 SNPs that were polymorphic among the 50 samples. Lastly, we removed all singleton SNPs, leaving 5107 loci for analysis (3.5% of sites), hereafter referred to as the "full dataset." Among the 50 passing fox samples, the average call rate in the full dataset was 98.5% (standard deviation [SD] = 1.5%; wolf call rate = 100%; Supplementary Table S2) . Of these SNPs, 4676 (91.6%) were polymorphic among the 49 red foxes (i.e., excluding the Rueppell's fox), referred to as the "red fox dataset." All genotypes for the 54 fox (and 1 gray wolf) samples for the full dataset were deposited in Dryad (doi:10.5061/dryad.sq28254).
We note that the particular sites assayed by the dog chip were likely to be enriched for polymorphism relative to the entire genome (i.e., disproportionately associated with less-conserved regions). For example, the number of polymorphic sites we obtained in red foxes from North America (n = 2661, see below) amounted to ~2% of sites genotyped, which is considerably higher than the frequency of polymorphic sites discovered in sequences of North American red foxes at random loci (~0.4%; Sacks and Louie 2008) . On the other hand, because SNPs were ascertained primarily as heterozygous sites in a single dog, their observed diversity was expected to be much lower in foxes than dogs or wolves (i.e., corresponding to phylogenetic divergence). Correspondingly, the heterozygosity observed in the gray wolf was higher than that observed in the fox populations, although we presume red foxes have considerably higher genomic diversity than the gray wolf on the basis of their respective demographic histories (Table 1) . Nevertheless, neither of these sources of ascertainment bias should have affected our use of these makers as relative measures of genomic diversity among the Vulpes spp. The allele frequency spectra for both Eurasian and southern North American (i.e., excluding Alaska) red foxes were skewed, with most SNPs exhibiting low minor allele frequencies (MAF) as would be expected if the sites assayed by the chip were random with respect to the red fox genome (Figure 2A) .
Despite the smaller sample size of Eurasian red foxes (n = 18) relative to the southern North American red foxes (n = 29), Eurasian red foxes had more polymorphic sites (n = 3872, 83%) than the southern North American red foxes (n = 2661, 57%). Observed heterozygosity also was consistently higher in the Eurasian (0.152, standard error [SE] = 0.016) than southern North American (0.105, SE = 0.017) red foxes (Table 1; Figure 2B ). Similarly, expected heterozygosity was higher in the Eurasian (H e = 0.176, SE = 0.002) than southern North American sample (0.125, SE = 0.002).
An MDS plot showed a clustering pattern consistent with the presumed phylogenetic relationship among groups. Specifically, Rueppell's fox was positioned distantly from all red foxes; European and Asian red foxes clustered as distinct from Alaskan and southern North American red foxes, which were also distinct from one another ( Figure 3A) . Eurasian red foxes also parsed according to geography with central continental Eurasia clustered together and the Middle East, peninsular regions (Spain, Italy, Serbia [within Eastern Europe]), and Mongolia somewhat distinct ( Figure 3B ). Samples from Norway, Siberia, and the Tver region of Russia also clustered very closely. Based on red foxes from southern North America, MDS plots resulted in greater resolution: red foxes of the Sacramento Valley and nonnative California valley foxes clustered as distinct from the montane red foxes from the Rocky Mountains, Washington Cascades, and 2 inbred Sierra Nevada red fox populations-Lassen and Sonora Pass ( Figure 3C, D) .
Individual and population trees exhibited a similar topology, particularly with respect to major lineages. Both trees supported the monophyly of red foxes relative to the Rueppell's fox (Figure 4 ). Red foxes from southern North America formed a monophyletic clade nested within a larger monophyletic North American clade containing Alaskan samples, which were basal to the southern North The heterozygosity of these markers in the wolf cannot be meaningfully compared to that in the red fox, which are much more distantly related to the dog, in which SNPs were originally discovered.
American clade. As with mtDNA (Statham et al. 2014) , Eurasian red foxes were basal but not monophyletic with respect to the North American red foxes.
Based on log probability of the data [logP(D|K)] and the delta K index, admixture analyses identified K = 2 or 3 as the best-supported numbers of discrete genetic clusters in the Structure analyses using all 49 passing red fox genotypes. The analysis assuming only 2 genetic clusters indicated distinct clustering between southern North America and Eurasia, with Alaska (and to a lesser extent, some northern Asian individuals) reflecting an admixture of the 2 continental clusters ( Figure 5 ). The Alaskan red foxes were apportioned partly (30% of their ancestry, on average) to Eurasia. Assuming 3 genetic clusters, Alaska retained its admixed composition, but with a unique cluster in addition to one shared with the other North American red foxes. This unique cluster could reflect isolation from Eurasia and southern North America over the past 100 000 years. The Alaskan red foxes were apportioned partly (43.7% of their ancestry, on average) to a unique cluster. The Eurasian foxes clustered primarily as distinct from all North American (including Alaskan) red foxes, but some from northern regions (e.g., Britain, Siberia, Mongolia) were apportioned a small amount of ancestry from the Alaskan cluster.
The following 3 tests of treeness were based on the 3338 SNPs for which none of the 50 passing foxes had missing data. Despite a strong signal of admixture within the Alaskan population based on the Structure analyses, the 3-population test, which takes as the null hypothesis a 3-population tree with no admixture, was uninformative. It was non-significant (and non-negative) for all 3 possible trees involving Alaskan, Eurasian, and southern North American red foxes. Although a significantly negative f3 provides strong evidence of admixture, lack of a negative (or significant) f3 does not necessarily indicate a lack of admixture (Patterson et al. 2012) .
The 4-population test was similarly non-significant for the continent-based tree (Alaska/southern North America vs. Eurasia/ Outgroup [Rueppell's]; f4 = 3 × 10 -6 , z = 0.004, P = 0.49), but was highly significant for the other 2 possible trees, Alaska/Eurasia versus southern North America/outgroup (f4 = 0.027, z = 17.5, P < 0.0001) and Eurasia/southern North America versus Alaska/ outgroup (f4 = 0.027, z = 17.1, P < 0.0001), indicating rejection of the latter 2 trees. Similarly, the D-statistic did not differ significantly from 0 for the tree, Alaska/southern North America versus Eurasia/ outgroup (D-est = -0.012, SE = 0.027, P = 0.33), but differences from zero were highly significant for the trees, Alaska/Eurasia versus southern North America/outgroup (D-est = 0.417, SE = 0.023, P < 0.0001) and Eurasia/southern North America versus Alaska/ outgroup (D-est = −0.408, SE = 0.022, P < 0.0001). Taken together, these tests were unable to detect strong statistical evidence of admixture between Eurasian and Alaskan red foxes. However, they support as the primary tree that with Alaska and southern North America as sister taxa, jointly derived from their common ancestor with Eurasian red foxes.
Because these tests of treeness may have been underpowered to detect admixture (e.g., as suggested by the Structure analysis) with respect to our relatively small sample of SNPs, we asked what amount of admixture from Eurasia into Alaska 100 000 BP would provide the best fit to our data, regardless of statistical significance ( Figure 6 ). The best-fit value for the Eurasian admixture parameter (α) was 28.5% for model 1, which is very similar to the fraction estimated in the Structure analysis assuming 2 genetic clusters ( Figure 5) . Additionally, the best-fit α value in model 2 indicated 40% admixture from Eurasia, which was similar to the Structure analysis assuming 3 genetic clusters.
Discussion
This study represents the most extensive genomic survey to date of wild red foxes sampled throughout most of their natural range. Our findings provided both important confirmatory and novel evidence facilitating a more comprehensive understanding of the biogeographic history of red foxes and shed light on their relationship to Rueppell's foxes. Specifically, in agreement with previous inferences from 11 autosomal loci, our use of several thousand independent genomic loci showed Alaskan (northwestern North American) red Figure 2 . Genetic diversity of SNPs in foxes, illustrated in terms of (A) frequency spectra for Eurasian (n = 18) and US (excluding the 5 from Alaska, n = 29) samples based on 4676 red fox SNPs and (B) observed heterozygosity among Asian (n = 6), European (n = 10), Alaskan (n = 5), and southern North America (SNA; n = 28) red foxes as well as a single Rueppell's fox based on 5107 Vulpes SNPs.
foxes were closely related to southern North American red foxes, which were highly distinct from Eurasian red foxes (Statham et al. 2014) . Indeed, our data provided strong statistical support for trees that clustered Alaskan and southern North American red foxes into a monophyletic clade (i.e., bootstrap) and to reject trees that would cluster Alaskan with Eurasian red foxes as a monophyletic clade (e.g., ABBA/BABA test). However, in contrast to the analysis of a small number of nuclear loci by Statham et al. (2014) , our analysis of several thousand loci indicated the possibility of substantial admixture from Eurasia early in or prior to the last glaciation.
The dominant genealogy reflected in the autosomal genetic data in our study (in agreement with that of Statham et al. 2014) contrasted starkly with mtDNA patterns, which showed Alaskan and western Canadian red foxes to carry matrilines almost entirely derived from Eurasia during or just before the last glaciation (~100 000 BP). Figure 7 provides a schematic comparison of ancestry patterns inferred from mtDNA and genomic loci. The mtDNA pattern, clustering Eurasian and Alaskan red foxes more closely to one another than to southern North American red foxes, has been well documented from hundreds of samples from a variety of studies throughout North America (e.g., Aubry et al. 2009; Sacks et al. 2010 Sacks et al. , 2011 Langille et al. 2014; Goldsmith et al. 2016; Lounsberry et al. 2017; Merson et al. 2017) . One hypothesis put forth to reconcile these discordant patterns posits a selective sweep on the mtDNA from Eurasia introgressed onto the genomic background of North American red foxes during a secondary contact event in the late Pleistocene (Statham et al. 2014) . Alternatively, the mito-nuclear difference could have resulted from a recent (post-Pleistocene) malemediated expansion of southern North American red foxes and partial replacement of an existing Beringian population originating primarily or entirely from Eurasia 100 000 BP. Male gene flow in red foxes has been estimated to be 4× higher than female gene flow and would, therefore, be expected to result in greater transfer of nDNA than mtDNA .
Taken together, our nDNA findings along with previous mtDNA evidence indicate that continental populations of red fox are mostly distinct, tracing their divergence to the mid-Pleistocene (~500 000 BP), but that some degree of gene exchange also occurred more recently, before or during the early part of the last glaciation (~100 000 BP). That statistical tests could not reject the no-admixture null hypothesis corresponding to the primary phylogeny indicates a lack of power rather than a lack of admixture. Given that mtDNA was exchanged between continents, some degree of autosomal genetic exchange also must have occurred. In support of nuclear genetic exchange, Structure analyses, whether assuming 2 or 3 major clusters, revealed Alaskan red foxes to simultaneously share affinity with southern North American red foxes and, in a significant fraction, another source.
The proportions of Alaskan ancestry distinct from southern North American red foxes differed between the 2-cluster and 3-cluster Structure models, closely in accordance with the 2 explicit phylogenetic models we considered. The phylogenetic model in which we assumed contemporary Alaskan foxes traced their origins to a single admixture event 100 000 BP suggested ~30% as the most likely fraction of Eurasian ancestry, similar to the Structure analysis that considered K = 2. The phylogenetic model assuming a Beringian population originated from Eurasia during the 100 000 BP exchange (consistent with mtDNA) and admixed with southern North American red foxes as the latter expanded north after glacial recession (e.g., Aubry et al. 2009 ) suggested 40% as the most likely amount of Eurasian ancestry, more in line with the Structure analysis at K = 3. The interpretation of the Alaska-only cluster in this case would be that it had differentiated from Eurasia from drift over the past 100 000 years, whereas the cluster shared with southern North America indicated very recent (Holocene) influx. Ultimately, however, our genomic coverage was insufficient to differentiate between these models or to put confidence bounds on estimates of how much ancestry derived from Eurasia during the late Pleistocene continental exchange. To differentiate between these scenarios, it will be necessary in the future to use a higher density of linked SNPs to take advantage of block-based approaches to estimating the timing and magnitude of admixture (e.g., Gutenkunst et al. 2009; Patterson et al. 2012; Liang and Nielsen 2014) . A continuous sampling of red foxes from Alaska to southeastern Canada also would provide greater insights into the extent and time frame of admixture within North America.
Understanding the genomic patterns of admixture between and within continental populations at different time periods has implications for taxonomic classifications. As suggested by Statham et al. (2014) , on the basis of divergence time alone (~500 000 BP), the North American red fox (including Alaska) might be arguably better characterized as a distinct species, Vulpes fulva. Additional considerations include whether the 2 populations have accumulated barrier genes that might indicate speciation or incipient speciation. Translocations of British foxes to the eastern United States during or before the 19th century provide another opportunity to examine contemporary reproductive isolating mechanisms. For example, a study of mtDNA and Y chromosome markers indicated a significantly uneven contribution of British mtDNA (~30%) and British Y chromosomes (<3%) in a population in the eastern United States (Kasprowicz et al. 2016) . However, without autosomal data, it was unclear whether this discrepancy reflected disproportionate influx of mtDNA (e.g., a selective sweep) or selection against male gene flow, such as partial male hybrid sterility (Delph and Demuth 2016) . The data in our study could be used to design continent-diagnostic SNP markers to study the proportion of autosomal DNA in those same foxes stemming from Britain, which would provide a test of these hypotheses and, more generally, provide insights into the speciation process.
Our findings in this study also enhanced our understanding of the genomic relationship between red and Rueppell's foxes as well as intracontinental patterns within red foxes. Leite et al. (2015) previously found a mito-nuclear discordance between red foxes and Rueppell's foxes in North Africa, relative to Eurasian red foxes and hypothesized that North African Rueppell's foxes obtained . Schematic gene-tree representation of red fox phylogeographic patterns evident in mtDNA and throughout the genome, illustrating the divergence between Eurasian and southern North American (SNA) foxes 500 000 BP, intercontinental exchange 100 000 BP, and reunification of Alaskan (AK) and SNA populations after the recession of the Laurentide and Cordillieran ice sheets at the end of the last glaciation <12 000 BP. Thick lines in the genome-wide schematic indicate primary continental phylogenetic divisions; thin lines indicate genetic exchange between continents 100 000 BP and between SNA and AK <12 000 BP.
their mtDNA from an ancient hybridization event with a red fox. Although that study used rapidly mutating microsatellites and only considered Rueppell's foxes from Africa, our findings based on slowmutating nuclear SNPs in Rueppell's foxes from Asia provide robust support to their conclusion that red foxes considered throughout most of their range reflect a genomically monophyletic clade with respect to the Rueppell's fox.
In general, our autosomal SNP data supported intracontinental patterns suggested by mtDNA and other limited nuclear markers. In North America, the trees reproduced the expected topology based on previous studies indicating a primary division between Alaska and other populations and a secondary division between eastern North American and western US populations (e.g., Aubry et al. 2009; Sacks et al. 2010) . Although the individual tree clustered Sacramento Valley red foxes with nonnative and eastern red foxes (all nested within the greater diversity of southern North American red foxes; see Figure 4A ), this was expected to result from recent gene flow . Based on the MDS plots of North American red foxes, the Sacramento Valley red foxes clustered as distinct from the nonnative red foxes, which clustered closely with the fur-farm fox and eastern red foxes ( Figure 3C, D) . A previously identified hybrid clustered closer to the nonnative than native red foxes, but nevertheless between them. The Structure analysis showed a similar pattern ( Figure 5B ).
In Eurasia, most red foxes of Europe, as well as Siberia, clustered together relative to those from Mongolia and the Middle East (Oman, Israel), consistent with previous suggestions that the southern latitudes, especially the Middle East, harbor most of the ancestral diversity of the species, and that the northern latitudes reflect an expansion during the last glaciation (Statham et al. 2014) . The northern latitude foxes were arrayed in similar order as their geographic proximity from south to north in Europe and eastward through Asia, consistent with isolation by distance. In the future, it would be informative to include North African and a more comprehensive sample of southern Asian red fox samples.
Conclusions
Our analyses of >5000 genomic markers provide strong support for earlier findings that Eurasian and North American red foxes are deeply divergent. However, these data also reconcile previous contrasts between scenarios suggested by mtDNA versus genomic DNA. Specifically, our nDNA findings support the presence of significant admixture in contemporary Alaskan red foxes, consistent with the late-Pleistocene link between Eurasian and Beringian red foxes indicated previously by mtDNA. However, it remains unclear whether North American red foxes hybridized with Eurasian foxes in Beringia at the start of the last glaciation or whether they merged with a Eurasian-originating Beringian population after the last glaciation, as Eastern Canadian and Alaskan red foxes expanded and integrated across the northern portion of the continent as the ice sheets receded. Obtaining a better understanding of the speciation process between North American and Eurasian red foxes is closely tied to resolving these historical demographic scenarios as well as directly testing reproductive compatibility and genomic consequences of hybridization on multiple time scales.
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